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SURFACE STRAIN MEASUREMENT FOR NON-INTRUSIVE INTERNAL PRESSURE EVALUATION OF A
CANNON

BRENNAN LEE RAUSCH

ABSTRACT

The U.S. Army has recently developadtting edgedesigrs for gun barrels, projectiles, and propetiathat require testing.
This includes measuring the internal pressure during fire. There are concerns with the current method of drilling tessorent pr
transducers near the breech and chamber of the gun barrel where pressure is highest. Anealtemiatiusive strain
measurement method is introduced and discussed in the present work. This focuses on determining the feasibility and acct
of relatingtangentiaktrain along the sidewall of a gun barrel to the drastic internal pressucesdss during combustion

A transient structurahumerical modalvascreatedising ANSYS of a 155 mm gun barr&he pressure gradiewasderived
using a method outline in IBHVG2 (Interior Ballistics of High Velocity Guns, versiomar&jthe modelwasvalidated using
published experimenténgentiaktrain testing datiiom a gun of the same calibfihe model was used to demonstratadbal
location for strain measurement along the sidewall of the chamber. Furthermoreljffareat pressure rangegere simulated
in the model The behavior of théangentialstrainin each caséndicates a similar trend to the internal pressure rise has
oscillation due ta dominanfrequency of the barreh method to predict internal pressure fremternaltangentialstrainwas
developedThe internal pressure predicted is within 4% of the pressure applied in the model. A sensitivity stuelfowasdg
to determine the primary factoaffecting tangentiaktrain. The study specifically looked at material properties and geometry of
the gun barrel. Ththicknessand elastic modulus of the gbarrelwere determined the mastievant Overall, the pesent work
helps to understanthngentialstrain behavior on the sidewall of a large caliber gun barrel and provides preliminary work to
establish an accurapeedictionof internal pressure fromxternaltangentiaktrain.



- SURFACE STRAIN MEASUREMENT FOR NON-INTRUSIVE INTERNAL PRESSURE EVALUATION OF
A CANNON

BRENNAN LEE RAUSCH

GENERAL AUDIENCE ABSTRACT

Innovativetechnology for large gun systemejuire testing to evaluasafety and performance. Theost recentlesigrs
from the U.S. Armyfor long range artillery require higher pressui@arrently, large gun barrels are drilled to mount pressure
transducer$or internal pressure testingut the new generation of weapoaguire a way to measure internal pressure of the gun
without introducing thesédigh stress location&xternal strairoffers a means to measure displacement of the barrel caused by
the internal pressure changéh minimal alteration to the gun barrel

The presentvork focuses on modelling a large gun barrel using finite elements to understand the behavior of strain «
the external surface due to internal pressure duringMigasurementaeretaken near the chambefrthe gun barreinodel The
strain béavior is comprised of two components, a linear change due to a pressure increase and vibrations introduced due tc
sharppressurdncrease over a short amount of time. Three casesavataatedat different pressureanges and a method was
developedd predict internal pressure from ttengentialstrainwith a maximum error ofl% for all casestudied The model
also indicates that the strain results are most sensitive to a change in thickneegkstic modulus of the gun barrel material.
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SURFACE STRAIN MEASUREMENT FOR NON-INTRUSIVE INTERNAL
PRESSURE EVALUATION OF A CANNON

Figurel: GunBarrelSection Terminology

1 Introduction Norrintrusive, strain measuremeastproposedn the work

Internal pressure of gun systemeveas characteristics as an alternative testing method. Once there is an internal
about the performanceafetyof the barrelas well aghetype pressure rise in the gubarrel from combustion of the
of ammunitionor projectileused.Commercial manufactures propellant this will inducestrain within the walk of thebarrel
follow SAAMI (Sporting Arms and Ammunition Therelationship between internal pressure and external strain
Manufacturerso I n dnteindl pressuye like in high-gressuck yesssfisavell documente@nd expressed
measurementsluring fire that require mounted pressure using the theory of elasticifig]. Focusing orthe outside of a

transducers [1]. Small arms userscan follow these
manufact ur es @nd teahpnical ddath isheefsr
approximate barrel pressufeorlarge caliber cannonssed by
the Army, these pressure transducers eu@unted along the
gunbarrellike small caliber gunsThesensorsneasurezarious
characteristicssuch asthe maximum bading in barrels,
comparingpressuretime (RT) curves for different projectile
types andcompamg P-T curves atistinct locationglong the
gunbarrel[2].

gunbarre| or more simplya cylinder, the strain is introduced

in threeprincipaldirections: longitudinal, radial, and tangential
asshown inFigure 2. The radial strain is inconsequential, as
pressure reaches atmospheric on the surface. Additionally, the
tangential strains greaterthan the longitudinal stin due to
geometry Therefore, the tangential stramisoreferred to as

the tangential or circumferentialstrain, providesthe best
direction for measurementThe theoretical relationship
between static internal pressube) @ndtangentiaktrain € ) is

Moving forward, a large caliber gun system used by the written inEq. 1 [3]. Nomenclature ign Appendix A However

Army is discussed-or the specific applicatiostudied

firing a gun which happens within milliseconds introduces

transducers angormallymounted near the breech of the gun, othertransient conditionsSpecifically, he sharp pressurises

while another is mounted along the chambefierenced in

causes vibration in the gun barréWVater hammer studies

Figurel. The difference in pressure at these locations caproducing a similar environment with a moving pressure shock

causestructural damage tine breech under the right
conditions andhe differenceean beminor comparedo the
maximum pressure experiencélie to this, pessure
measuremesfarevital to testing large gun systentowever
transducers are becoming a limiting factoraoentdesign.
When testingecent technologfor long range artillery
specifically,advanced aanons projectiles, and propellants,
the accuracy of the pressure measurement is extremely
importantwhen there is no historical dafherearealso
safety concernthatlong range artillerylesigns cause higher
stress in the barrel than previotessions. e tothe current
method of drillingto mount these sensaad introducing
potentialfailure points along the barrgésting cannot move
forward To further the issue, depending on the projeetild
propelbnt typetestedadditionallocatiors maybe needed to
measure pressuréo assesshis new technology, a nen
intrusive method must be created to accurately measure
internal pressure and hold the same standardsaccuracgs
previous tests

( . Chamber:
& — Rear section of the barrel where
propellent and projectile sit.

Breech:
End of the barrel.

Muzzle:
Where the projectile exits the barrel.

inside a cylinder discuss this vibration in detaihe work of
Leisheardescribes the oscillation introduced in a cylinder at an
exact location from a step pressure chajffje This can be
thought of asé b r e g tthie cytinged walls expand and
contract

(1)

radial

PN

longitudinal ~ tangential

€,
Figure2: Strain on the Outside of a Cylinder

Strain gauge sensors provide the means to measure strain
when mounted in the tangential direction. There are notable
benefitsusing these over a pressuteinsduceras well The
most relevantis mounting these sensors require minimal
alterationto the surfice. Stain gauges are also manufactured
usually in small, discrete packagingnd offer location



flexibility . Recent strain gauges designed by NanoSonic Into,time. Also nok that the breech is considered fixed, as recoll
demonstrate sensohsgh sensitiity to strain (on the micco has a small effect on pressure predicted, asdumed

strain level) and large frequency gen(up to MHz)5] inconsequential in these calculatigh&].
In literature, the dynamitangentialstrain of gun barrels
has previously been measured experimentally as well as using T — — "0form ® ® (2)

finite element models. Dynamic strain amplification tbe
increase in maximum strain compared to strain under static . o
inputs was modeled in a large caliber gHiopkins usd the —— — U—fom ® (3)
model to study the increase t@mngentialstrain amplification
due to projectile velocities and compared the model results
theoretical calculation$6]. Tangentialstrain has also been .
1 I

used to validate a 40 mm gbarrelmodelhowever the error i

1 I
or difference between the experimental and model results v ' '
not quantified[7]. Additionally, anexperiment for a 155 mm
gun barrel used strain gauges to approximate the intern

L 1
1

pressurenear the muzzleébut only compared this to theoretical : i
internal pessure calculationf8]. Although, here has been 0 x, (t = 0) x, (t>0) x
advancement using this strain method for pressure
measurement in smalsystems. The Pressure Trace Il is an at
home hardware and software package utilizing a strain ga
to predict internal pressurerfrifles. The main drawbaskor o ) A )
this systemare firstly the limited pressure rangtor quality ~distributedspatiallyat every point in timeso—  min Eq. 2.
resolution andsecondly the static pressure assumpfion Additionally, the velocity of the gas is described as zero at the
calculations [9]. Overall, the strain method proposed tdoreechp mhd 1 and equal to the projectile velocity at the
measure internal pressure for large gun systems has not bease, 0 o o . Under these boundary conditiorsd
directly studied before. assumptionsthe gas velocity can be writtén terms of the

Due to the limited work on using strain gauges fo_r intem%lrojectile motiond  c—. Additionally, since the propeht
pressure measureentof large guns, tagoal of this project is ' ’

to show the feasibility ofusingtangentialstrain to accurately is treated asiniformly distributed, the density is described as
predict internal pressure. Thistudy includes aninitial the propelint masg0 divided by the volume from breech to
numericalanalysisto predicttangentiaktrain results for a 155 basewhere0 is the crosssectionalarea of theprojectile
mm gunbarrelwith afull understanding adtrainbehaviorand  Therefore, Eq3 can be rewritten.
providesinitial conclusions about the relationshigtween B & & &
externakangentiaktrain and internal pressure measured on the 0 " — — (4)
sidewall ofa finite element gutbarrelmodelunder transient w 0w W
conditions Moreover, the acceleration of the projectileasiritten using
Newt onds Second frictmnalforcdshnd air i n «
2 Governing Physics resistance acting against the direction of motion se€igire
This section provides anoverview of the governing 4. Thus,the pressure gradient is written using these terms.
physics of the gun.Teigwdlbesuseds i ntergmalg BriessOrep
to predict pressurbehaviorat unknown locations on the gun uee =
barreland generate-FP curves to input into a finite element
model A brief description of thecalculdion for the pressure
gradientor pressure in space and time, P(xr3jde thebarrel
is provided along with relevant assumptions a
The pressure gradient inside the dearrelis predicted
using thederivation methodrom the Interior Ballistics of High Poase
Velocity Guns, Version 2 (IBHVG2h theoretical calculation,
andusesexperimental pressure datadalibratethe equation

Figure3: The ProjectildMoving Boundary Over Time

Ue%e propelhnt is treated asompletelygaseous and uniformly

) & (5)

Projectile

Cross-Section (a-a)

[10].
2.1 Pressure Gradient Derivation Figure4: Projectile Free Body Diagram (FBD)

The gaseous propefit between the breedi® 1) and ' _ o
projectile basgo @ seen inFigure 3 can bedescribed Integrating fronbreech to basehe final equation is given

usi ng Eul edfdstinugyqudanomeatuis Eq. 2 aS
and3. The projectileatc moves down the barralith respect

2



o ~ 50 O ® 3 Model Setup
L@ U <& o 6) To model a large caliber gun system during faeme
. - . 5 assumptions are made to simplify the gharrel while
wherePTto U andP@Mh) =0 . Thereforefo fully  maintaining a wetposed modelAfter multiple rounds there is
describe the pressure inside the bartties method requires normallya temperaturincreasen the barrel and a potential for
knowledge of the projectile locatiofw , mass(a ), and thermal expansion causing residuakss However, n this
forcesO hO hO )as well as thpropelent masg® and study, the model is at a uniform, strefsge temperaturen the

breech pressui® 0 1 . outer surfacavhenassuminga single rounds fired [12]. The

The pressure transducer locatiamsa currentlyoperating projectile-barrel interaction is not incorporated since the
gunbarrelare showrin Figure5. The Ar my 6 s Y whambeRaremhere thegoressure is normally measutees not
Ground (YPG)has provided breech pressumad sidewall interact with the moving projectile. Additionally, residual
pressuréd 0 & of a39cal, 155 mm gurbarrelfor three stresses introducedh the manufacturingprocessdue to
different firing tests One exampleair of pressure curves is autofrettage of thgun barrel are not incorporated at this time
shown inFigure6. The point in time when the projectile exitssince theplastic range zonef the barrel materiak closer to
the barrel is designatedtat O. the inner surfacfl3] and beyond the scope of this project

Pressure Transducers 3.1 Geometry

Considering the gun barrel symmetry andtnspic
materials, the gun barrel izated agn axisymmetri¢ single
part. The length and calibarebased on a 36al, 155 mm gun
barreland shown ifFigure7 with relevant dimensioslisted in
Table 1. Note that the barrel narroved he outer radiuss
Figure5: Pressure Transducer Locations reducedalongthe length of théarrel[14]. The outer radius of
a large gurbarrelmeasured isised to establish the minimum
thickness that can be used in the model.

Ca

+ Breech Pressure
+ Sidewall Pressure

l Tablel: Important Geometry of GuBarrelModel

4y,

<
% == # Geometry Value
< : GunBarrelLength L 6.045 m
55’ 0:6 - 1 InnerRadius IR 93 mm(before narrowing)
2 o 77.5 mm(after narrowing
E 04 b Outer RadiusOR 164 mmA 99mm
3
0.2F . L \ Y
& -~ - P >
915 -10 5 0 Centerline \\, 77777777
Time (s) OR IR ¢ ¢
Figure6: Pressure vs. Timbata Figure7: AxisymmetricGunBarrelModel

Both curves are used to determine the unknown constant®  Mmaterial Properties
in Eq 6. The breech preSSUfegﬂbStitUtedn the first termas The gunbarre| material properties are summarized in
a boundary conditiorwhi.le the sidewall pressure is used toraple2 and based on the Army Research Laboratory (ARL)
matchunknown values in the second terithese unknown \256 cannon materig]. This reflectshepropertief a high
variablesare designatedeasible rangesFor example, Army strengh steel alloy andare homogeneous throughout the
literatureindicates the projectile mass should be within 30 tg,odel.

40 kg. Nexta random selection is madethin these ranges Table2: Model GunBarrelMaterial Properties
andthe pressure gradient is calculat@d iterative process is
used ub i | YPGO6s si de waélliwithfEg. @ s s u r Materigh@opettyh € s Value
whenw= w. This comparison is described in more detail inElastic Modulus, E 200 GPa
Appendix B giving the optimal values for each of the threePoi ssonmds Rati 030

1 Densitylp ~ A < 7700E @

shots provided by YPGIhe finalo @fOc ompar ed

sidewall pressuris also plotted ii\ppendix Bfor each case.
3.3 Initial and Boundary Conditions

The modehasafixed near the breectso displacement
and centerline rotation are set to zéfbe pressure boundary

3



condition isspecifiedto load the internal edge of the gun barreéquation at specific locatisno simulate a moving pressure
model usingpressure versugme (RT) curves. The barrel is wave down the barreExamplesof the RPT curvesshownin
sectioned along its length (seerFigure8) so that the pressure Figure 9. Refer toFigure 8 for anillustration of the boundary
versus time is calculated asection location and the resultingconditions. An independence study wagperformed to
P-T curve is applied to the internal edge of that sectitote  determine the necessaspatialsectiong400)in the modeto
that heseP-T curvesare calculated from the pressure gradiermepresent the pressure gradient. Thighownin Appendix C

- Fixed Edge

D P(x;, t) applied L to the edge

- Py, applied L to the edge

Pizi2,.10

Centerline

Figure8: Boundary Conditions of the Gun Barrel Model

1.2
Breech Pressure
1.0 Base Pressure
Near Breech
Max. Pressure Rise
0.8 ———Middle of Barrel
Near Muzzle

0.6

Pressure
Max. Breech Pressure

0.4

0.2

0.0

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
Time (ms)
Figure9: Input Pressure vs. Time Curve Examples

3.4 Damping frequencyrange is between 5 kHz to 10 kHz. Since there is
Viscous damping i;cluded using the Rayleigh Dampinglittle to no information on the damping ratio of the system, itis

method. It uses a linear combination of the mass and stiffnégdibrated and set to 0.003. This calibratminthe dmping

matrices where the alpha and beta are the respectiaéo is discussed lateAppendx D goes into detail to select

coefficientsto the mass and stiffness ternThis is used to the frequency ranges and calculating the Rayleigh coefficients.

designate a damping raté the dominanfrequendes found

using modl analysis of the gurbarrel In this case, the

4



3.5 Mesh experimental strain data of a 155 mm gun system at a maximum
The gunbarrel is me$ied using a singleguadratic breech pressure close to 360 MBR The testing setup from
axisymmetricelement type, PLANE 183, for the entbarrel this paper is briefly described, aadtrain results comparison
seen inFigure 10. Thiselement typallows two displacement is made.
degrees of freedom and provides quadratic displacement This experiment was used to study bamedjectile
interpolation Sectionsof the barrelhave consistentelement interaction and therefore sensors were placed downwind of the
sizingwith nodal matching between eaéhgrid independence breech. Specificallysrain gauge senseare mounted in the
study wagperformed The model is set up using theundary tangentiadirections at foufocations(S1, S2, S3, S4ih 0.5 m
conditions described previously. Therefore, a pressure gradientrements from the muzz[8], asshown inFigure11. Only
is applied to the internal edges of the gun barrel model. Theaseswhere breech pssure reaches close to 360 MiRaused
the maximum strain measured at externaledgeis taken for comparisonAt a breech pressure of this magnitude, the
(e ). The model's mesh is then refindlde model isun driving band on the projectileused for wrmal contactto
again,and maximum strain is measdragain at the same internal walls of the gun bartgk significantly worn. Ifthis
location ¢ ). This process is repeated until the maximurdriving band is not worrdown, significant jumpsin strain
strain measure is consistent with previous resaltel the occur due tothe normal force of thelriving band Since the
global element sizé6mm)is set seeverysection has at least projectile is not incorporated into this model, higher charges

two elemants acrossvith a 1:1 aspect ratio are usedor comparison
The pressure graefit in themodelis calculated using Eq.

6 and calibrated using zone 5H (close to 360 MPa maximum
breech pressure)The pressureexperiencedat the sensor
locations thetime it takes the projectile to exghotout time),
and the muzzle projectile velocistated in the experiment
match well with thecorrespondingvalues predictedn the
g ANSYS model.Before the experiment describegbove the
U study uses internal ballistic calculations to predict the
S maximumpressure ahe sensolocations along the barrgd].
0% | B eSS = - The pressure gradient at the same locations is slightly raised to
! v v v * better match the maximum pressure rise (within736). The

Thousands

]  Nodo® shotout time matches withinless than 1ms of the model
Figure10: Grid Independence Study conditions Finally, the projectile velocity at exitis
approximately 83m/ s whi |l e the model 6.

3.6 Solution Method and Verification

The model is solved using the Transient Structur
Solution method in ANSYS 2020 R2. Time stepping is used ~* sl s1 oS3 sh Musgle
25 kHz1 200 kHz frequency and set to automatically us |
necessargub stepgor time increments where there idarge
step in pressureAn 18 core, Intel Xeon W2295 3.0 GHz
workstation with 64 GB of RAMvas used to solve the systenm, °
of equations

To verify the model setup, an analytical analysis of

tangential strain due to static internal pressumgas first
conducted. Then, a transient analytieablysis was used to
comparethe vibration results of a internal step pressure
change. Aresponse frequencwas derived using energy
conservation and vibration of a SDOF oscillafjdt. The
analytical solution and numerical model argdmd agreement
giving confidence in the solution methollore detailson
verifying the numerical solutioare contained iAdppendix E

{\J/IYavereachesthe exit al867 m/s.

Figurell E x p e r i Stre&imGawgs Locations Along
the GunBatrrel

4.1 Comparison to Tangential Strain Experimental
Data

It should be noted thahté initialtangentiaktrain result®f
the model @l not matchexperimental datdue to dampingrhe
damping is unknown for this gubarrel and the value is
adjustedio have a better calibrated mod&he damping ratio
(0.003) is selected to best match the amplitude of oscillation.
The amplitude of oscillatiomefore the pressure increaise
comparedvhere experimental results and model results are 65

4 Model Validation . . I _75meand 60-90 nerespectivelyHowever,the amplitude is
The model geometry, material properties, and pressure

. . Pverpredicted in all locationafter the pressure wavpasgs
gradient ag all approximated based on general knowledge o h ) tal it 16 - 24 The final
large caliber gun system and information provided by ypgy/nere experimental resuttare i e. € fina

Due to this, the model requiresome comarison to comgarlsonn [[ishow_n |ﬁ|gl:re12. tialstrai dt h
experimental data to validatthe model Therefore, le verall, themaximumtiangentastrain measureet eac

tangential strain model results are compared goblished sensor locations within 2% agreemenb the moe results
5



except at S2. The experimentitaat S2 show consistently base pressuref zone 5Hand measurabl&ngentialstrain are
highertangentialstrain in time, abou 7% difference. This is plottedalong the length of the gun Figure13. Note that the
still within reasonable errpas the predicted internal pressurghickness of the gun barrdécreases along the lengthiving
in the experi ment gragientd wema oa dhe thsasunablEngestialstran up especially within the first
exactly equalThe pressure gradient used in the model predictaeter Also, the applied maximum pressure né@ chamber
thatinternal pressure at t =(8hotout time)is consistentit all is significantly larger than the rest of the gun barselthe
locationswithin the gunbarre| indicating that theangential optimal location of measurement is at x = 0.48 Mote that
strain should be consistéhall else 5 the sameTherefore, the near the end of the muzziear 4.0 4.5 m thetangentiaktrain
significant difference inangentialstrain at Sat t=0is dueto shows a local maximuras the thickness reducespidly and
the larger thickness at this locatidrne thickness between S2,c oul d be a potential | ocati
S3, and S4 changes no more than 1winch follows that the thickness is slightly reduced or pressure apphietthis area is
tangentialstrain near t = 0 is simitaAnother distinguishing relatively largerfor other caseshis couldalsobe considered
feature seen in the transient results is the oscillatioan optimal location.

Experimentaldatashow a response frequenbgtween7i 9 - 1.0 A

kHz, while the model results predibetween6 i 10 kHz. The
amplitude of oscillation matches well with before flressure
increases. However, is slightly overpredicted after passing. T 0.8
velocity matches well, i
increase at each location

rmalize
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Barrel Length (m)
Figure13: Base Pressure aff@dngentialStrain vs. Barrel
Length

800

::1 5.2 Extrapolating Strain Results

Tangential Strain (um/m)

200 -

measurement location is selected, tmdel is used to
extrapolatestrain resultsat x = 0.8 m for three different
propelant amounts. The breech presswgeand sidewall
25 2 s 1 05 0 pressursprovided by YPGor eachcaseareshown inFigure
Time (ms) 14. They are referred to asnes 5H, 4H, and 3H. The amount
Figure12: TangentialStrain Comparison of Model and of propelbnt used decreases fach espectively. This in turn

Once the modehas been validated and an ideal strain

ExperimentaData decreases the overall velocity and internal pressure at

descending zone$hus, the maximum pressures are 360 MPa,

5 Results and Discussion 225 MPa, and 13B1Pa,respectivelyThe pressure gradiefar
Once the modelas developed and validated usingeachis calculated irAppendix B

experimental strain daté,wasused to extrapolate resuéiad a0 a0 o
perform a design study. Before this, a location near the bree 5
is selectedto provide the maximum measuraliengential
strain This matches well with the current location of pressul
transducersThen, thethree cases provided by YREGH, 4H,
and 3H zons) were modeledo studythe strain response.
Specifically,the maximum strai and frequency responaee
discussed and a relationship betwdangential strain and 100
internal pressure is approximated design study was “
performed to distinguish the primary faors thattangential _ -
strain is the most sensitive to. B e | C Tmg s DR e s o
5.1 Location Selection

The optimal place for strain measurement is defined
hereas the location where the largéshgentialstraincan be
measured. In this model, the thickness and maximum internal The results for these three capesdictechehaviorsimilar

pressure experience (base pressure)paneary factors. The 4 ihe pressure input at the measured location \sith
6

| 3501 150 +  Sidewall Pressure

300 1300+ 300

| 250! 250 |

200 200 f

Pressure (MPa)

150 150 1

100 100}

and3H

Figurel4: Breech & Sidewall Pressure for Zones 5H, 4H,



dominating frequency, as previously seen in the experimen “ zoxesm
results section. Thdominant frequency for each is at 448
kHz. The predicd internal pressure is basedn two
components. One is the linear relationship betweaagential
strain and internal pressure under static conditgimsvn in
Eq.l. The differencé13.4%)betweerthe model and predicted
results due to geometre discussed irAppendix Eis also
considered Secondly, thevibration of the gunbarrel is
consideredTo relate theangentiaktrain results to the internal
pressure, a lowpas$tR (infinite impulse responsdilter set to

1 kHz s first applied.This eliminates the vibratory signal at
6.844 kHz and maintains the working sigoaturring over a ! - 2 0
12 to 20 ms time spaithen thefiltered data is inserted into Tie (ms)

Eq. 1 to solvefor internal pressure. THanal stepis to multiply _ _ (c) Zone3H

by a correction constantiue to the 13.4% differenced Figurel5: Predited and Actual Internal Pressure Results
comparison of predicted internal pressure actial pressure
applied in the moddbr all cases is seen Figure15. There is
an initial large error (50%) lastingss thar0.5 msfor each
case. However, the rest of the time, the error stay witligo

in all casesAt the largest pressure for each case this could Q.. : : ;
X ile the maximumtangentialstrain and frequency response
° 13 MPa,” 8MPa, and® 5MPafor zones in5H,4H, and 3H 9 d y P

. . ) . using the FFRRast FouriefTransform) methoére predicted
respectively The actual pressure in all cases is overptedic ), qerstanding the sensitivity dangential strain to these

MiHables should give insighbt model the gun barrel more
(?c urately and understarteteffect of slight variations within

shift between the predicted and actual pressure experien¢gdo caliber ; P
: _ gusystemsTheprimary parameters contributing
caused by the type of filter uséghch case shown Figurels .j 2 change itangentiaktrain responsareidentified.

highlights that the pressure is very closely predicted and is & e gun barrel is studied using four parameters, the

key finding for this simple model. thickness of the barrel, elastic modulusj o n 6 sandr a 't
2N SEL ANSYS Hop St density. Each parametes altered individually to make sure

] § results are independent Since the thickness changes
throughout the lengthin the original model described
previously for this study, theuter radiuss kept consisterfor
each case along the length; The first daset to180 mmfor
the outer radius and following casageincreasedo 220mm.
For material properties, tredastic moduluss varied between
180 GPa to 210 GP&o i s sRatio @ sariedbetween 0.8
and 0.8, andthe densityis increased from 770@TH to
8100Q'Th . Thesematerial property ranges are selected to be
. , : . within reasonable consideration for high strength steel alloys.
Time (ms) The baselinenodel for this study feno viscous danmipg and
(a) Zone 5H percentages are given with reference to the smallest values
" zonean ANSYS Hoap Stain within each range (Ex. 180 min220 mm with 180 mm as

S reference)

5.3.1 Primary Parameters

The tangential strain resultsare taken at the sidewall
location along the chamber discusgeeviously(x = 0.48 m)
The thickness and elastic modulus resulted in the largest
changess seen in theangentiaktrain resultén Figurel6and
Figure 17 respectively The tangentialstrain results due to
change in thickness from 180 mm to 22@n are shown in
Figure 15 and indicate a significant reductiontamgential
strain The maximum strain decreased2% across the total
range This lines up very closely with expected strain assuming
static conditionsSimilarly, the amplitude of oscillatioralso

Tangential Strain ((im/m)
Internal Pressure (MPa)

5.3 Sensitivity Study
Different parameters of the guparrel are studied to
determine the effect they have tangentialstrain response.
ecifically, the geometrgnd material propertiesre varied,

pressure is reached and thereaffdiis may indicatea phase

Tangential Strain (pm/m)
Internal Pressure (MPa)

Tangential Strain ((im/m)
Internal Pressure (MPa)

Time (ms)

(b) Zone 4H



reduce approximately81%. This is crucial as the maximum 3.
strain measured dt80 mmthicknessis becoming relatively
highcompared to the overall magnitudaut of all parameters !
studied, the thickness was the onfgctor that had a
consequentiaéffecton the dynamic strain amplitude. This is:
largely attributedto the exponentially increasing mass in thi
location. The dominant frequencyalso seemed to shift
downwardsabout 6% with increasing thicknessThe elastic “o2
modulus also caused notable changethdértangentialstrain.
As the elastic moduluscreasedn value, the maximum strain
predicteddecreased0% across the entire rangks the elastic
modulus becomefarger, the dominant frequencincreases
about5%. In Figurel17, a section of the results is enlarged to
clearly see the dominant frequency shift.

5.3.2 Secondary Parameters

Other parametershe densityand poi sonds
minimal change in the frequencwithout any obvious
differences Figure 18 shows the resulting changshift in
dominant frequencyas density increase The frequency
response reduces about 1% across the entire range. A change
inPoi s Ratio d&ts in the same manner across the 0.26 to
0.30rangd f requency decreases .as

From these results, it is imperative to accurately model the
thickness as well as elastic modulus of the barrel The
dynamic amplitude is especially sensitive to a change in
thickness which is common in large gun systems. Additionall 12
the dominant frequency is not particularly sensitive to any «
the four pareneters.The design study is summarizedTiable
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Normalized Strain

Location
((x=048m )
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Figure16: NormalizedTangentialStrain Results for
Changing Thickness
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Figure17: NormalizedTangentialStrain Results for
ChangingElastic Modulus
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Figure18NormalizedTangentialStrain Results for
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Table3: Design Parameters Effect dangentialStrain

Range %ae Max. S %®e Frequency %e Ampl it
Outer Radius, OR 1807 220 mm -42% -6% -81%
Elastic Modulus, E 18071 210 GPa -10% +5% ~0%
Poi ssons | 0.261 0.30 ~0% -2% ~0%
Density,} 77007 8100°Q'Th ~0% -1% ~0%

three locations validating the ANSYS modeMWhen each

6 Conclusions and Future Work location is prescribed the maximum pressure (constant) it

Thetangentiaktrain in a large gubarrelcan be predicted experiences maximuitangentialstrain at x = 0.48elative to
using a axisymmetric model described abovéhe pressure other locations This ide& location takes into accoustthe

gradient is
using experimental data at the breéch 0)andsidewall (®w

appr oxi ma tarcHored sthickngss & thé guaGesandErgxinzum pressuse desceding
along its length to achievéhe location where maximum

® . The geometry and material properties are based on a 188gentiaktrain is achieved on the sidewall

mm gunbarrel The model matches well with experimental
strain results at four locations near the muzzlelere the
dominant frequency anthaximumstrain matchwithin 2% at

8

dec

Three different cases were ruor different pressure

gradents, referred to as zone 5H, 4H, and 3H which are

reasingn thdr respectivebreech pressuseThetangential



strain is seen as oscillatory in nature due to a sharp increase inThis material is based upon work in part supported by the
pressure creating the expansion and contraction of the gun U.S. Army under contract #W9124R20C0008 We

barrel Thetangentialstrain magnitude observed also follows

particularly acknowledgér. Alan Tinseth, Mr. Gilbert

the behavior of the pressure rise. Knowing these two Moreno, Mr. Gary Rosenand Mr.Ralph Scuttifor their

components, the internal pressure is approxichaaad
compared to the applied pressure in the model at the same
location.A lowpass filter isappliedto the resultsandthe linear
relationship based on the theory of elasticity fromEg.used
to predict the internal pressure with external straifl]
(compemating for some error due to geometie predicted
results for all cases are wiith® 4% of the actual internal
pressure. This shows promising results for a-imnusive
method for internal pressupeedictionfor large gurbarrek. 2]
The sensitivity study looking at geometry and material[3]
properties effect omangentialstrain indicated that thickness
and elastic modulus were the main contributors to changing
frequency and maximurangentialstrainmeasuredThe key
factorsto accurately predidiangental strain are thickness of [4]

the gun barrel and the elastic modulus of the maté¥iali s sonés nt er nal

Ratio and density had little to no change within the ranges
simulated.

Next steps for this project are incorporatic@mpressive [5]
stressesn the gun barrel dué the manufacturingorocess, [6]
incorporating parts near the breech, and providing
experimental dataon a small scale. Currentlythe
manufacturing process for large caliber guns use temperature
dependent methods introducingsidualcompressive stregs [7]
(autdrettage) to increase the maximum allowable pressure.
Additionally, anotherlocation of interesbther than along the
sidewall is the breech end whetbe maximum pressuris
experienced normal to the face of the bree@ther [8]
components such as the spindle and elastomeric pad used to
create a seal at the breech are not currembigieled butould
be contributing factors due to different material properties and
contact at this alternate locatiokn example ofadialstran at  [9]
the breeclendis shown inFigure 19. Predicting the pressure
at the breech face can be especially relevant to breech fail[ir@]
prevention Although the model reailts indicate smaller
measurable straidue to thickness at the breeahd large
amplituderelative to the average strajabout 2x) Finally, a
smaller caliber test should be complaeging a rifle or system
of amall scale This will give further validaton of this study
using minimal resources before a fatlale test is done.

[11]

Breech Location

[12]
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Figurel9: Strain Results at the Breech End
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Appendix A Nomenclature

Table4: Nomenclature

Symbol Definition Units

V] mass damping coefficient -

Is stiffness damping coefficient -

e strain m/m
n Poi ssonds Ratio -
M density QI
35 angularfrequency rad/s
m mass 00
r radius m

' time i Qo
) velocity a7l Q0
X travel coordinateharrelreference frame a

A area &

c charge/propellant mass kg
D diameter &

E ElasticModulus Pa
IR inner radius m

K stiffness matrix N/m
L gunbarrellength m

M mass ma_trix kg
OR outer radius m

p pressure Pa
Subscript Definition

air air resistance

b breech of gun chamber

barrel gun barrel

base base of projectile

/ internal/inner

/ longitudinal

m mean

o) outer

p projectile

r radial

res frictional resistance

S sidewall

so shot out (when the projectile exits the duarre)

SS shot start (when the projectile starts to move)

t tangential

11



Appendix B Defining Variables in the Pressure Gradient Equation

The pressure gradient equation outlined in Egnd rewritterbelow points out the known values: propellant
mass pressure due to air resistanioegech pressuras well aghe unknownvalues pressure due to frictigiprojectile
mass and projectile locatiariThe pressure due faction, projectile massand projectile locatioare calibratedThis
calibration is detailed below.

resistance pressures

propellant mass /
. , 060
ao v

l—%\
0 0 ()

t '\

breech pressure

6 Y

8‘

\ projectile location

projectile mass

YPG has provided pressure datam a 39cal, 155 mm barrel witModular Artillery Charge SystenMACS)
propelbnt at zone 5KH4H, and 3HThe breech pressuigspecificallygiven,and propellant mass considered constant
andapproximately 13 kgl1 kg, and 8 kg respectivglls]. The projectile mass is also constant and in the feasible rang
of 30kg to 40 kg[15] depending on the type.

Theresistance pressiwgare due to air resistanemd friction thus, depending on when the projectile starts to
move(shot start time)This isaboutwhen the pressure reaches 100 Ni?aa large gun systefd6]. The air resistance
is not welldocumented butas been approxiaedas3 MPa at maximumesistancdor a 40 mm systerfY]. Since this
is inconsequential compared to the base pressure, it is left as fdMfav. Thepressure due to friction is calculated in
two parts. The static friction exqjuivalento the basengssure up until it reaches 100 MPa as discussed ¢aéllemlhen,
the kinetic friction iscalibratedbetween zero to 100 MRaitially and has a linear trend towards zero at the shot exit
time. This follows that at high speeds, th&/ing band around the projectile, acting as an interface to the barrel, will be
worn down significantly{8]. Finally, the projectilevelocity and locatiorns estimated by integratingver the projectile
accelerationdiscussedn the Pressure Gradient Derivatigection. The shot exit time is also calculated using the
projectile locationThe feasible ranges are summarizedable5.

Computing the error betweeR(®,t) and YPG's Sidewall Pressuiestimatedby three criteria. First, the
maximum pressure at the sidewall must be within 5% of the experintiatdalSecond, thehotouttime must be within
1 ms of the experimental dafdote that theshotout time should be zerdrhirdly, the muzzle velocity shoulthatch
within 5% of the expected value for these zoR@sidom values are assigned to unknown variabliée feasible range
and the process goes throughiltiple iterations. Thecriteria andfinal solutionfor each casés given inTable5 and
plotted inFigure20.

12



Table5: Variables Defining thePressure Gradient

Variable AssignedValue or Range Final Value

Breech Pressur@® ) Pressure vs. Time CunvEigure14 -

Maximum Sidewall Pressur 5H 330 MPa { 5%) 323 MPa

(Lh ) 4H 214 MPa(° 5%) 213 MPa

3H 131 MPa(® 5%) 128 MPa
Propelbnt Mass ¢) 5H 13.27 kg -

4H 10.61 kg

3H 7.96 kg

Projectile Massq ) 30 kKgOO40 kg 37 kg

Pressure due to AResistancel{ ) [3MP&d o 0 -

Shot out time Oms ¢ 1mg 5H 0.86 ms
4H 0.02 ms
3H 1.0 ms

Initial Pressure due to Kinetj 0 h 0 0 o0 5H 38 MPa

Fricton 0 5 0 {U h _oh 5 o 4H 34 MPa

o o
Vi@ MPa ;0 O 100 |3H 27 MPa
Muzzle projectile velocity ( 5H | 863 m/s{5%)[8] |867m/s
Qo 4H | 700 m/s { 5%)[17] | 704 m/s
3H | 547 m/s{ 5%)[18] | 563 m/s

Projectile Locationd

Figure20: Matching P¢ ,t) to YPG's Sidewall Pressure
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